W Values for Gases: Experimental Data and Suggested Values
Some increase of W with decreasing particle energy appears to exist (see Figure 5 .7). It has frequently been assumed that the value of Was a function of energy in a particular gas could be represented by simple analytic functions involving, for example, either the logarithm of the energy or the square root of the energy. The uncertainties of experimental data frequently are not well documented and the lack of agreement between individual sets of measurements is such that they cannot be correlated to give the dependence of Won particle energy. Consequently, no functions are provided for this energy variation. Only values of W at some energies are suggested and the uncertainties are chosen to embrace most of the results of the various authors. Improved experimental measurements are obviously needed.
Protons

5.1.l Discussion of Experimental Data
Most of the experimental data available are presented in Figures 5.1 to 5.4. Tentative suggested values are given in the figure captions. When a constant value of Wis suggested for an energy range, this range encompasses the interval for which consistency between two or more experiments is evident. In this case, the boundaries on the suggested value of W encompass all, or nearly all, of the data points available. Suggested values of W are given for energies at which data from two or more experimenters are available near this energy. Considerable discrepancies exist for particle energies, E, below about 50 keV (see Figure 5 .1 and the comment about CH4 later in this section, after Eq. 5-1).
In addition to the measurements shown in Figures 5.1 to 5.4, the following authors have measured W for protons in the gases indicated. Tunnicliffe and Ward (1952) investigated several mixtures of gases and found W independent of energy within 1 percent for 0.2 MeV < E < 0.55 MeV.
Jentschke (1940) studied air and found W to be independent of energy to about ±0.2 e V for 2.4 Me V ~ E ~ 7.6 Me V. This result depends on the assumption that Bethe's theoretical range-energy relation for protons in air is correct. Jentschke's mean value for protons is W = 36.1 e V. A mean value for 5.3 Me V alpha particles of W = 35.8 e V was also obtained, which is higher than the mean value in Table 5 -IL This may indicate that Jentschke's value of W for protons should be reduced.
1.8 Breitung (1972) investigated Wand w as a function of proton energy, E, for E < 25 ke V with a proton recoil proportional counter, irradiated with neutrons. For hydrogen gas, he found w(E) = w 0 for E > 5 keV (w 0 is a constant value). For lower energies, w(E) decreased to a minimum value w(E) = 0.73 w 0 for E = 2.2 keV, then increased again to w(E) = w 0 for E = 1.3 keV.
For CH 4 , the values of W measured by Breitung can be represented approximately by W(E) Wo ""1 -0.58/v'E/keV' E > 1 keV.
(5-1) The ratio of the value at 2.5 keV to that at 60 keV, calculated from Eq. (5-1) is about 1.46, while MacDonald and Sidenius (1969) (Figure 5 .4) found a ratio of 1.00. This is a considerable discrepancy.
The W values observed for C2H2 and C2H4 (Figure O Leonard and Boring (1973) a Chemtob et al. (1978) •Kuhn and Werba (1978) X Rohrig and Colvett (1978) D Larson (1958) Chamberlain et al. (1951) gave a value w = 25.5 eV for 340 Me V protons in argon. The influence of delta rays was not discussed in the paper. Since the exact geometry of the experimental arrangement is not given, it is not possible to calculate this effect now. Nuclear reaction products accompanying the proton beam will tend to increase the observed ionization. No correction was made for this effect. The value of w was calculated with a stopping power 4 , S = 2.38 MeV cm 2 g-1, calculated with a stopping power mean excitation energy of 207 eV. With the currently accepted value of 182 eV, a value S = 2.40 MeV cm 2 g-1 is obtained, and w would increase to 25.8 e V. The total uncertainty of this value probably amounts to at least ±5 percent. Further values were given by Bakker and Segre (1951) for other gases relative to argon.
Larson (1958) measured W for 1.8 Me V protons in several gases. His results are shown in Figures 5-1 to 5-4 and in Section 5.1.2. He does not discuss two systematic errors: (a) changes in the proton spectrum due to collimator edge scattering; and (b) saturation characteristics. Uncertainties due to these corrections probably do not exceed 2 percent. A misprint in his Eq. (1) should be corrected: replace 1.692 by 1.602. 5 Bichsel and Inokuti (1976) calculated w from experimental secondary electron spectra, total ionization 4 The value -dE/ pdx = 3.08 X 106 e V cm 2 g-I on page 925 of the reference apparently is incorrect. In addition, there is a misprint for 350 MeV protons in argon in the energy loss table used (Aron et al., 1951) . 5 Larson has stated that he used 1.602 in his calculation. + Lowry and Miller (1958) 
Suggested values:
C0 2 : W/eV = 34.5 ± 1.5, for 30 < E/keV < 2 · 10 3 CH 4 : W/eV = 30.5 ± 1.0, for 2.5 < E/keV < 500. cross sections and We(E). Preliminary data for CH4 give the values w(l MeV) = 29.4 eVand w(0.3 MeV) = 28.5 eV, in good agreement 6 with Wa(5.3 MeV) = 29.2 eV. et al. (1972) , using tabulated values of dE/dx, gave w for 3.6 Me V protons in gases. Their results are given in Table 5 -I.
Parks
The authors suggest that delta-ray effects are less important than the escape of resonance photons for the explanation of an observed pressure dependence of w.
Since the stopping power, S, of protons is used in the calculation of w for these measurements, any systematic errors in S would cause a systematic error in w.
Comparison of W for Protons and Alpha Particles
As will be seen in the next section, the energy dependence of W for alpha particles is much stronger than for protons. Therefore, W ,, 1 and WP cannot be the same except at some energies, where the functions W(E) cross. Using the data of Larson ( 1958) for WP (proton energy 1.8 Me V) and the values given in the following section for W "(5.3 MeV), the ratios given in Table 5 -II are obtained. For gases, for which no experimental proton data are available, the following procedure is suggested:
For E > 0.1 MeV, select W for protons to be equal to the value of W for alpha particles of energy 5.3 MeV. Assume an uncertainty of ±4 percent.
For E < 0.1 MeV, no procedure can be recommended.
Alpha Particles
Experimental data for alpha particles are presented in two sections: one covering W values for particle energies around 5.3 MeV, and the other treating the energy dependence of W. A correction amounting to 0.1 percent or less, due to the possible energy dependence in the range from 5.14 to 5.41 MeV, is neglected. If 238 U alphas are used (E = 4.18 MeV), the correction amounts to about 0.5 percent or less. In many references, measurements of ionization relative to, for example, N 2 are performed. For these data, the exact energy of the alpha particles is not important (a small reduction in energy caused, for example, by self absorption in the source, can be neglected).
Measurements published before 1950 are not included in this discussion (Alder et al., 1947; Dick et al., 1947, and earlier work) . Some authors performed measurements relative to a standard g!IB (usually N 2 or Ar), others determined absolute values. It appears reasonable, therefore, to select one gas for which absolute values are available, and to consider relative values for all other gases. Since all publications giving absolute values of W include N 2 , this gas is chosen for the determination of the absolute value. The weighted average ( W) will be determined only for N2:
(W) = L:W;/o} (5-2) L.:1/crf, where i = 1,2, ... n is the index for a given publication and Wi ± CTj the Value given by the authors. If the value of cr/Wi given by the authors is less than 0.005, a larger value of cri is used in Eq. (5-2). This substitution is made for the following reason: in Table 5 -IV it is seen that the average standard deviation of the ratios of Wa for several gases is about 0.5 percent. Those authors that give an estimate of the uncertainty of the ratios state it to be about 0.1 percent. This discrepancy between the uncertainty estimated by the authors and the variation of their results from those of others is unexplained. A minimum value CTj = 0.005 Wj, therefore, is chosen for use in Eq. (5-2).
For all other gases, average values, r ., of the ratio ri = W Gas!W N 2 , are calculated (it is assumed that the uncertainty in the determination of ratios is the same for all authors) ra = L:r/n and the standard deviation is also given. Weighted average value ( W)/eV = 36.43, but the recommended value remains at W/eV = 36.39 (see text) with a suggested uncertainty of ±0.23 eV.
•Method used-P pulse operation C current integration G pulse operation with gridded chamber b Error discussion-A author's estimate with no details B some details C complete details c Problems-"Recoils?" indicates that the ionization caused by heavy recoils is not discussed. The experimental data are presented in four subsec-Gases for which less than 6 values have been pubtions: lished (5.2.1.3); Nitrogen (5.2.1.1); Gases for which 6 or more values have been published (5.2.1.2); The noble gases (5.2.1.4). If it is assumed that this difference is due to additional ionization by recoils for the current integration method, the average energy of the recoils would amount to about (116/36.4) (36.43/36.30 -1)· 5300 keV = 60 keV, where W, = 116 eV for recoils is assumed (Cano, 1968 (1952) and Sharpe (1952) is given.
The average value of s in the table is about 0.5 percent. This is much larger than the uncertainty usually assumed for relative ionization values (about 0.1 percent, e.g., Klots, 1966) . There is enough variation in the various measurements (different photon contributions, gas purity, current and pulse methods, etc.) that it is difficult to establish explanations for these large values of s. For example, all values of r measured by Klots (1966) are about 0.5 percent less than the values given by Jesse (1968b) . Except for H 2 , the values given by Hurst et al. (1965) and Klots (1966) agree quite well, while Bortner and Hurst's values (Bortner and Hurst, 1954 ) are all about 0.8 percent larger than those given by Hurst et al. (1965) .
It must be concluded that even for relative measurements, an uncertainty of about 0.5 percent should be assumed. It will be necessary to improve the understanding of the problems involved considerably before an uncertainty of the order of 0.1 percent can be achieved. 
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An isotope effect in W has been observed by Jesse (1967, 1970) for gases in which D had replaced H atoms (D 2 and H 2 , C 2 D 2 and C2H2, etc.). The effect consists in an increase in ionization which amounts to about 2 percent and is slightly energy dependent. 5.2.1.4 Noble Gases. Many investigations have been concerned with the determination of W for mixtures of rare gases with other gases. It has been found that even small amounts of impurities can change W very drastically (see Section 4). The values given in Table 5 -VI are the highest values found in current literature for pure gases. The uncertainties given by the authors are between 0.5 and 1 percent. .. ° Kiihn and Werba (1978) " '-Nguyen et al. (1979) +Mean value for 5.3 MeV ( The addition of a small amount of a molecular gas to argon may introduce an energy dependence (Cranshaw and Harvey, 1948; Bichsel et al., 1952; Jesse, 1968a; Tunnicliffe and Ward, 1952) .
The speculation that W a has an asymptotic value for high energies and that this value equals We cannot, at this time, be supported by experimental or theoretical knowledge.
Heavier Ions
Experimental data will be given in Section 5.3.1. Some considerations used to calculate W values for all heavy ions will be discussed in Section 5.3.2. • c+ Chemtob et al. (1978) x c+ Rohrig and Colvett (1978) D c+ Carter (1967) v N+ Chemtob et al. (1978) Suggested value for carbon ions: (1979) and Leimgruber et al. (1965) for o+ and N + ions. Some of these data for nitrogen are discussed in Section 5.3.2. and shown in Figure 5 -10.
MacDonald and Sidenius (1969) measured W in methane, in the energy range 10 to 120 keV, for heavy ions with atomic numbers from 1 to 22. An empirical function to fit these data has been given by Dennis (1971, 1973, 1975 All these results show an energy dependence of W. Further published references are shown in Table 5 -VII for other gases.
Some Aspects of Energy Dependence of W for Heavy Ions
Two principal factors cause the energy dependence ofW:
(a) an energy dependence of the ratio of the cross sections for ionization and excitation;
(b) the transfer of the primary particle's energy into kinetic energy of gas molecules (Miller and Boring, 1974) . The fact that W has little dependence on energy at high energies comes about because the competition between ionization and excitation is rather independent of energy and the amount of energy going into kinetic energy of gas atoms is negligible. For heavy primary particles the fraction of the incident energy transferred to kinetic energy of gas molecules (due to "nuclear scattering") becomes rather large at low energies, producing a corresponding increase in W (since there is less energy available for producing ionization). One can see evidence of the change in distribution of energy between ionization and excitation by virtue of the fact that W for low-energy electrons depends strongly on the electron energy. In some situations, the dependence of W on energy must result from both of the above effects, but it is difficult to determine experimentally just how the initial energy is divided between electronic processes (excitation and ionization) and the kinetic energy of gas atoms. For some idea of this distribution, one is forced to calculate from a set of reasonable assumptions the magnitude of the gas-atom kinetic energy, and then from experimental determinations of W infer something about the division of the remaining energy between ionization and excitation.
In order to discuss the contribution of nuclear scattering to W, it is useful to calculate the "energy defect, 7 D(E)," due to nuclear scattering for an ion of initial energy E. If the dependence of W-values on ion energy could be explained completely in terms of nuclear scattering, the quantity (Dennis, 1971)
where Wexp is an experimentally observed value, should be constant (except for the effects discussed in (a) above).
Furthermore, in the theory of D(E) given by Lindhard et al. (1963) , the ratio D(E)/E should be independent of particle type if it is expressed in terms of a "reduced energy" f = E/Mz 4 1 3 , where Mis the particle mass and z its nuclear charge. If, therefore, W(E) is plotted against f, a single curve should result if Eq. (5-4) represents the energy dependence correctly.
Some experimental data for different particles in Nz gas are plotted vs. E in Figure 5.10 (thin solid lines) . Clearly, the experimental data do not form a single line (also see Dennis, 1975) .
The values W 1 have been calculated for N and Ar ions and are shown with an estimated uncertainty as the shaded areas. From a similar calculation by Dennis Recommended value for dry air: (33.85 ± 0.15) eV.
d The readjustment to obtain W values for dry air has been made on the basis of humidity corrections given in Figure 5 .14 (Bragg-Gray Cavities) or in Figure 5 .15 (total absorption ionization chambers). When the measurement conditions are not indicated, the temperature and relative humidity are assumed to be in the regions (20-25)°C and (40-60) percent.
•For this author, Wis revised by using a more recent value of (Jien/p) for air (Hubbell, 1977) .
1973) it appears that Eq. (5-4) leads to values which for gases, Wair is used as a reference value. However, frequently differ from experimental values by more most such determinations are made with some amount than 15 percent (see Figure 1 in Dennis, 1973) .
of water vapor in the air. When water vapor is present, the number of ions produced may be larger than that 5.4 Electrons
Experimental Values for Electrons
Electrons emitted by radioactive sources and produced by photon absorption are considered. obtained with dry air by up to about 0.3 percent (see Section 5.6). However, only quite recently have some measurements been corrected according to the procedure outlined in Section 5.6. Earlier authors have made corrections on the basis of the theory of Barnard et al. (1960) , others did not make any correction at all. Therefore, the W values gathered from the literature above must first be readjusted on a common basis to obtain W for dry air. 5.4.1.1 Absolute Values for Dry Air. Air is the only gas for which a reasonable number of absolute measurements of W exist. In almost all measurements From a knowledge of the measurement conditions used by the authors, the values listed in the fifth column of Table 5 -VIII have been corrected for humidity according to the curves of Figure 5 .14, and corresponding values for dry air are given in the last column of this (1964) was the weighted mean of 6 values (authors 1, 2 and 5 to 8 in Table 5 -VIII, column 5). If this mean value is compared to the weighted mean of the corresponding values for dry air, the difference obtained is significant for a confidence level of 95 percent. Hence, the previous W value of ICRU cannot be considered as corresponding to dry air.
According to the method used to determine the mean of the readjusted W values (with or without statistical weights), the values obtained lie between 33.84 and 33.90 e V with a standard deviation of 0.04 e V. For the weights, two alternative choices have been made: they are based either on the errors given by the authors or on larger ones taking into account more realistic uncertainties on stopping powers. In addition, two other problems have to be considered as they could imply corrections on the W values. They concern the stopping power values used by the authors, which may have quite a different basis (theory, values of mean excitation po-tential values, I, etc.), and also the perturbation due to the introduction of the ionization chamber into the graphite phantom.
A readjustment of W values was attempted by choosing as a common basis the Spencer-Attix treatment for the calculation of stopping powers (Spencer and Attix, 1955) with the same I values. In this way, stopping power values have been estimated for those authors for whom sufficient information was available to do it. It seems that the mean value obtained for Win dry air will change insignificantly if a readjustment for stopping power is made on this basis. However, this would not diminish the dispersion of the W values. Apparently, the spread of the experimental results is mainly due to systematic errors. On the other hand, only a few authors have made a perturbation correction and usually there is not sufficient information available for a reliable re-estimation.
On the basis of all these considerations, we recommend a conventional value Wdry air= (33.85 ± 0.15) eV, where the stated uncertainty may be considered as a conservative overall estimate.
Measurements with electrons of high energy have not Fig. 5.11 . Experimental values of W for electrons of energy E in air. been considered here. The problem related to the equilibrium spectra of electrons depends strongly on the geometry of the experiment and therefore must be considered separately for each case. Discussions of such problems are given in Barber (1955 ), Laughlin et al. (1953 ), Meisels (1964 ), and Berger et al. (1975 .
Authors' Stated Uncertainties
Recommended values of W for fast electrons are given in ICRU Report 21 (1972), p. 24.
• 5.4.1.2 Average W values for Electrons in Gases. In this section, values of W for electrons in several gases are given. A variety of effects influencing these values have been discussed in Section 2. The electrons used for the measurements were obtained either from radioactive sources (Jesse and Sadauskis, 1955a; Stoneham et al., 1971; Meisels and Ethridge, 1972; Adler and Bothe, 1965) or as secondary particles produced in the walls of an ionization chamber irradiated by photons (Leblanc and Herman, 1966; Cooper and Mooring, 1968; Weiss and Bernstein, 1955 , 1956 , and 1957 . Schulze (1966) used photoelectrons. The W values, therefore, are averages over a wide range of electron energies.
Experimental values are given in For incident electrons, it is expected that the energy defect, D(E), in Eq. (5-4) will be negligible since the electrons produce atoms with little recoil energy. Any dependence of W on energy for electrons, then, would result from a changing competition between ionization and excitation. An energy dependence has been observed in experimental measurements with low energy electrons (Freund, 1935; Gerbes, 1935; Breunig, 1936; Cole, 1969; Srdoc, 1973; Srdoc and Obelic, 1976; Waker and Booz, 1975 8 ; Combecher, 1978; Waibel and Grosswendt, 1978; Smith and Booz, 1978) . Experimental data for air are shown in Figure 5 .11, and for TE gas in Figure 5 .12. Waibel and Grosswendt (1978) (Eggarter, 1975; Inokuti, 1975) .
Values calculated with this expression are 6-10 percent smaller than the values measured by Combecher. Berger (1977) calculated W for water vapor from energy degradation spectra. W values decreased smoothly with increasing energy, reaching a minimum at 3 ke V, then increased gradually by 1.5 percent to 100 keV. A similar energy dependence has been reported for hydrogen by Garvey et al. (1977 ), Spencer (1977 ), and Green et al. (1977a .
Additional theoretical and experimental results on W for water vapor can be found in Paretzke and Berger (1978) .
Average Value of We for a Beta Spectrum
Assume that the spectrum, A(E), of beta rays emitted from a radioactive source is known. The total ionization N by the beta rays in a gas and the mean energy, ( E), of all beta rays can be calculated, if We(E) is known:
We (E) The average value of We then is given by:
Distortions of the beta spectrum due to self-absorption in a solid source may be more important than the energy dependence of We (Bay et al., 1957) .
The Use of Wand win Neutron Dosimetry
A wide variety of particles contribute to the ionization produced by neutron irradiation: these range from electrons with energies of several Me V to heavy recoil ions with very low energies. Except for a homogeneous ionization chamber, it is not possible to give general average values of W for neutrons: it will be necessary to consider the energy deposition spectrum of the particles in the volume under consideration and then select the appropriate values of w. Insofar as a given ionization can be produced by various particles, it is not even sufficient to know an experimentally measured energy deposition spectrum (e.g., from a microdosimetric measurement).
An effective W-value, W n• for neutron irradiation is defined as the ratio of the energy deposition Ed in the gas to the number of ion pairs N produced in the gas by Ed:
Wn =Ed/N. In an inhomogeneous system, W n depends on the amount of gas in the chamber volume. Bichsel and Rubach (1978) fitted single functions to the data for p, a, c+, N+, and O+ ions given earlier in this section, and used them to calculate effective values of W n for spherical ionization chambers with walls of Shonka plastic (A-150) filled with methane-based TE gas (ICRU, 1977 Appendix B) and irradiated with monoenergetic neutrons of energy En.
Similar calculations were made by Goodman (1978) and updated by Coyne and Goodman (1978) with slightly different assumptiol).s. Results for both calculations using point energies, Em are given in Table 5 -X. For comparison, the values calculated by Dennis (1973) are also included. Results for the Coyne and Goodman calculation using bin-averaged neutron cross sections are shown in Figure 5 .13. , 1978) . The energy bins correspond to those used in the kerma tables in ICRU Report 26 (ICRU, 1977) . Bichsel and Rubach (1978) estimated the uncertainty of their calculation to be about ±2 percent (one standard deviation). They also calculated a change of W n with the volume of the chamber of no more than 0.2 percent. For the values given by Bichsel and Rubach and by Coyne and Goodman, an overall uncertainty of ±1.5 eV is suggested.
The value which has been widely used in neutron dosimetry is Wn = 30.5eV (Smith et al., 1975) . A better value based on the above information would be 31±1.5 eV for neutron energies between 1 and 14 MeV. The
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most satisfying method would consist in evaluating a W value for each neutron spectrum, which can be done from Fig. 5-13 . If it is not possible, then the value 31.0 e V suggested above should be taken.
Correction for Humidity in Air
Ionization chambers are often filled with atmospheric air containing a variable quantity of water vapor, the influence of which has to be corrected for. Formerly, the humidity correction was based on calculations by Barnard et al. (1960) who assumed that the total ionization is the sum of the contributions from dry air and water vapor which they supposed to be independent. But recent measurements with free-air chambers (x rays) and cavity chambers (gamma rays) (Niatel, 1969; Guiho et al., 1974; Referowski, 1977; Hofmeester and Somerwil, 1977) , do not agree with Barnard's prediction. Therefore, the Comite Consultatif pour les Etalons de Mesure des Rayonnements Ionisants (Bureau International des Poids et Mesures) recently recommended (CCEMRI, 1977 a) that the curves reproduced in Figure 5 .14 be used for determining the humidity correction factor, Kh, to the measured current, h, to obtain the ionization current, la, appropriate to air. The ICRU endorses this recommendation.
The ordinates of these curves, hlla, can be considered as products (Wa/Wh)(Sh/Sa) (cavity chambers) or ( W a!W h) [ (µen)h/(µen)a] (free-air chambers), where the subscripts a and h refer to dry and humid air, respectively, Sis the average linear collision stopping power, µen the linear energy absorption coefficient. The discrepancy between the measurements quoted above and Barnard's prediction can be explained by assuming that RELATIVE HUMIDITY(%) at 20° C and 101 325 Pa Bragg's law is valid for calculating Sh and (µen)h but not for Wh (Niatel, 1969 (Niatel, , 1975 . The latter author used her experimental results as a basis to derive the variation of W as a function of the amount of water vapor ( Figure   9 This curve can be used to correct the results of experimental measurements of Win air with total absorption ionization chambers. 5.15) 9 • The curve indicates a rapid decrease of W when small quantities of water vapor are present in air. This result is similar to the Jesse effect (see Section 4).
It would be valuable to have more experimental information about this subject and to know whether a variation of W similar to that of Figure 5 .15 is observed in other circumstances (different types of particles and different energy ranges).
